Galactose oxidase (GO; EC 1.1.3.9) is a monomeric 68 kDa enzyme that contains a single copper and an amino acid-derived cofactor. The mechanism of this radical enzyme has been widely studied by structural, spectroscopic, kinetic and mutational approaches and there is a reasonable understanding of the catalytic mechanism and activation by oxidation to generate the radical cofactor that resides on Tyr-272, one of the copper ligands. Biogenesis of this cofactor involves the post-translational, autocatalytic formation of a thioether cross-link between the active-site residues Cys-228 and Tyr-272. This process is closely linked to a peptide bond cleavage event that releases the N-terminal 17-amino-acid pro-peptide. We have shown using pro-enzyme purified in copper-free conditions that mature oxidized GO can be formed by an autocatalytic process upon addition of copper and oxygen. Structural comparison of pro-GO (GO with the prosequence present) with mature GO reveals overall structural similarity, but with some regions showing significant local differences in main chain position and some active-site-residue side chains differing significantly from their mature enzyme positions. These structural effects of the pro-peptide suggest that it may act as an intramolecular chaperone to provide an open active-site structure conducive to copper binding and chemistry associated with cofactor formation. Various models can be proposed to account for the formation of the thioether bond and oxidation to the radical state; however, the mechanism of prosequence cleavage remains unclear.
Introduction
Galactose oxidase (D-galactose : oxygen 6-oxidoreductase, GO; EC 1.1.3.9) is an extracellular enzyme of Fusarium graminearum ATCC 46032 [1, 2] and its biological function is unknown. GO is a mononuclear copper enzyme that catalyses the two-electron reduction of dioxygen to H 2 O 2 with the concomitant two-electron oxidation of the substrate [3] . The most commonly used experimental substrate is D-galactose, which is converted from an alcohol into an aldehyde by oxidation at the C-6 position. A wide range of primary alcohols, including terminal D-galactose residues of oligo-and polysaccharides, can act as substrates for the enzyme, but GO displays strict stereo-and regiospecificity.
The UV/visible spectrum of oxidized GO has a characteristic peak at 445 nm assigned as a ligand-to-metal charge transfer between Tyr-495 and Cu 2+ , in combination with a π → π * transition of the Tyr-272 radical. A broad feature around 800 nm is attributed to a ligand through metal-ligand charge transfer coupling between Tyr-495, Cu 2+ and Tyr-272 in combination with weaker Cu 2+ d → d orbital transitions [4] . Extensive spectroscopic data indicated that GO uses a free-radical mechanism for catalysis involving Key words: cofactor biogenesis, copper, galactose oxidase, post-translational processing, X-ray crystallography. Abbreviations used: GO, galactose oxidase; pro-GO; GO with the prosequence present, no thioether bond. 1 To whom correspondence should be addressed (e-mail m.j.mcpherson@leeds.ac.uk).
a modified tyrosine [5] [6] [7] . The nature of this modification became clear when the X-ray structure of GO revealed the unusual nature of the Tyr-272 radical site [8, 9] . The activesite copper of GO has five ligands in square pyramidal co-ordination ( Figure 1A ). The four equatorial ligands are Tyr-272, His-496, His-581 and an acetate ion at distances of 1.94, 2.11, 2.15 and 2.27 A a respectively (PDB code 1GOF). The axial ligand is Tyr-495, which lies 2.69 A a from the copper. An unusual feature of one of the copper ligands, Tyr-272, is that it is covalently bonded through C ε to the sulphur of Cys-228. The cis configuration of this bond leads to a large planar group, suggesting that the carbon-sulphur bond has partial double-bond character [8, 9] . This would serve to extend the delocalized electron system of the aromatic ring of the tyrosine to include the adjacent sulphur. This feature leads to a substantial decrease in the redox potential of Tyr-272 to 0.4 V, compared with approx. 0.9 V for a normal tyrosine during formation of a phenoxyl radical. The thioether bond may facilitate delocalization of the spin density of the free radical. However, several studies have reached differing conclusions as to the effect of the cross-link on the distribution of spin density (reviewed in [10] ). The side chain of Trp-290 stacks over this tyrosine-thioether moiety. The indole ring of the tryptophan has its benzoyl ring positioned exactly above the sulphur atom, and all six carbon-to-sulphur distances are 3.84 ± 0.04 A a . One role of the stacking tryptophan is probably to protect the Cys-228-Tyr-272 moiety from solvent. 
Cofactor formation and post-translational processing steps
GO is a member of an expanding family of enzymes that contain intrinsic cofactors derived by post-translational processing of active-site amino acid residues. Examples include histidine carboxylase, cytochrome oxidase, catalase HPII, tyrosinase, catechol oxidase, haemocyanin, phenylalanine ammonium lyase, histidine ammonium lyase, sulphatase, methylamine dehydrogenase, copper amine and lysyl oxidases, and galactose and glyoxal oxidases (reviewed in [11] ). The most complex cofactor described to date is the unusual cysteine tryptophylquinone that is encaged by three novel Cys to Asp or Glu thioether linkages found in a quinohaemoprotein amine dehydrogenase [12] . A notable recent cryocrystallographic study of a copper amine oxidase has revealed the structures of some intermediates in the autocatalytic conversion of tyrosine into 2,4,5-trihydroxyphenylalanine quinone in the presence of copper and oxygen [13] .
The formation of mature, oxidized GO from the primary amino acid sequence encoded by the gene involves a series of processing steps. The first is removal of the secretion signal sequence during translocation into the endoplasmic reticulum [1] . Subsequent processing events include cleavage of a 17-residue N-terminal prosequence, the formation of the thioether bond (a two-electron process) and a further oneelectron oxidation to give the cation radical active form of the enzyme. We have shown that, for protein isolated under metal-free conditions, the final three steps occur by a selfprocessing mechanism that requires copper and oxygen [14] . A useful analytical tool is SDS/PAGE, which distinguishes between three species of GO. The apparent molecular masses of these species are 70.2 kDa (pro-GO; prosequence present, no thioether bond), 68.5 kDa (premature GO; no prosequence, no thioether bond) and 65.5 kDa (mature GO; no prosequence, thioether bond formed; Figure 1B ) [14, 15] .
We have studied the apo-protein pro-GO that was expressed and purified from Aspergillus nidulans under copper-free conditions. The visible spectrum of pro-GO is featureless before addition of Cu(II) when, under aerobic conditions, transitions are seen at 410 and 750 nm [14] . The 410 nm band shifts to 445 nm, while the broad band initially observed at 750 nm shifts to 800 nm with an increase in its intensity. The generation of the tyrosine radical is confirmed by the characteristic bands at 445 and 800 nm. These results demonstrate that formation of the Tyr-Cys redox cofactor in GO is a self-processing reaction requiring only the precursor protein, Cu(II) and dioxygen [14] .
Structural features of pro-GO
In parallel with these solution studies, we have determined the three-dimensional crystal structure of pro-GO [16] . The structure was solved by molecular replacement using the structure of the mature enzyme as a model. The precursor structure was rebuilt and refined to 1.4 A a to give a final model with good stereochemistry, an R cryst (crystallographic R factor) value of 18.0% and an R free (free R factor) value of 19.5%. The overall structure of the copper-free precursor is similar to that of the mature enzyme, described above, but with significant local differences (Figure 2) .
The 17-residue N-terminal prosequence is present as a loop between domains I and II of GO, with residues -1 to -12 visible in the final electron-density maps, implying that residues -13 to -17 are mobile. The main chain of the prosequence makes a number of hydrogen bonds to regions of the mature enzyme sequence, while side chains also form hydrogen bonds to several residues, and there are 14 hydrogen bonds to water molecules. Analysis of the Cα positions of the precursor, excluding the prosequence, compared with those of the mature enzyme (PDB code 1GOG) reveal that the majority of the two structures are very similar overall (root mean square deviation of 0. Some active-site residues show significant rearrangements, with movements of side chains and of adjacent main-chain regions. In addition, the presence of the prosequence affects the position of Ala-1, moving it by over 4 A a from its location in the mature protein [16] (Figure 2) .
One of the main-chain regions that differs significantly between the two forms is that involving residues 216-227, with main-chain positions differing by up to 6.1 A a . In the mature form the side chain of Arg-217 is hydrogenbonded to Asp-258 of the adjacent strand, whereas in the precursor this residue is orientated in the opposite direction and is hydrogen-bonded to the main-chain carbonyl of the prosequence Phe-5. At the end of this strand is Cys-228, the cysteine of the thioether bond. Differences in this strand affect the position of the fourth region corresponding to the adjacent β-strand (residues 254-261), involved in the lost hydrogen bond to Arg-217. None of the residues in this strand are directly interacting with the prosequence. Another region affected is the loop containing the active-site residue Trp-290, which in the mature protein stacks on top of Tyr-272 and the thioether bond. The Cα of residue 290 has moved by 6.3 A a from its location in the mature protein. The backbone of residues Trp-290 and Glu-296 differs by up to 8.0 A a between the two structures while in pro-GO the electron density in this region is quite poor, suggesting high mobility or disorder.
At the copper-binding site, the loop rearrangement that affects Trp-290 leads to a much more open appearance to the active site in pro-GO, and Cys-228 and Tyr-272, the two residues forming the thioether bond in the mature enzyme, are exposed (Figure 2) . The thioether bond is not present in the precursor and the side chains of both residues are positioned differently from those in the mature form. The ring of Tyr-272 is rotated almost 90
• about χ 2 and the side chain of Cys-228 is pointing away from its position in the active protein. • . The electron density at Cys-228 in the precursor shows additional electron density, suggestive of oxidation to an S-OH group. It is uncertain whether this apparent oxidation represents an intermediate in thioether bond formation or is an artifact resulting from crystallization or radiation damage [16] .
Conclusions
Several secreted enzymes are produced in a pre-pro form in which the prosequence acts as an intramolecular chaperone and/or an inhibitor of catalytic activity. The open structure of the active site of pro-GO, when it is present, and the significant alteration of local structure around the active site upon its removal, support a role for the prosequence as an intramolecular chaperone. This implies that the prosequence is responsible for positioning of active-site residues, including copper ligands, to facilitate the chemical processes required for thioether bond formation, including efficient initial copper binding.
The presence of the prosequence directly affects several loop regions of GO, including residues 216-227 next to Cys-228, the cysteine of the thioether bond. The sulphur of Cys-228 is directly over the p z orbital of Cε 2 of Tyr-272 at a distance of 3.6 A a . This geometry is essential for Cys-228 to attack Tyr-272 by a nucleophilic, electrophilic or radical coupling mechanism. It should be noted, however, that rotational freedom of Tyr-272 and Cys-228 in concert might allow an active-site rearrangement to occur prior to thioether bond formation, if required.
To produce the oxidized, catalytically active enzyme from the copper-free precursor requires a three-electron oxidation. Various mechanisms may be proposed to account for this chemistry; for example, initial intramolecular Tyr-272 → Cu electron transfer followed by either a radical coupling reaction or nucleophilic attack of Cys-228 at a peroxide-activated tyrosine ring [14] . Both the radical and ionic mechanisms plausibly result in a [Cu(II)-Y] intermediate. Alternatively, initial oxygenation of Cys-228 to a sulphenate or perhaps a sulphinate derivative that could then act as an electrophile towards Tyr-272 might occur. The oxygenation step might be copper-dependent, since metal-induced oxygenation of thiolates is a well-known reaction [17] . Cysteine-sulphenic acid is known to function as a redox centre in NADH oxidases and peroxidases, and in some peroxiredoxins and transcription regulators [18] . Experiments to distinguish between these and other mechanistic possibilities, perhaps involving thiyl radicals, are in progress.
An intriguing aspect of pro-GO processing is the mechanism by which the prosequence is cleaved in a copperdependent manner. Although our structural data reveal the site of prosequence cleavage, it does not point to any obvious mechanism. Does copper bind, perhaps transiently, near the cleavage point? It is interesting to note that sitespecific cleavage events have been observed when copper binds close to the site of a disulphide bridge in the amyloid precursor protein implicated in Alzheimer's disease [19] . The site of cleavage in GO is also near the disulphide formed between Cys-515 and Cys-518, and experiments are under way to probe any role for this site in prosequence cleavage. We are also conducting experiments, both aerobically and anaerobically, to trap structural and kinetic intermediates in order to elucidate further the roles of copper and oxygen during these unusual processing events in GO maturation.
